In chlorophyll biosynthesis, the light-activated enzyme, POR (protochlorophyllide oxidoreductase), has been shown to be an excellent model system for studying the role of protein motions during catalysis. The catalytic cycle of POR is understood in detail and comprises an initial photochemical reaction, which is followed by a number of 'dark' steps. The latter steps in the reaction cycle have been shown to involve a series of ordered product release and substrate rebinding events and are known to require conformational changes in the protein in order to proceed. However, owing to the current lack of any structural information on the enzyme, the nature of these conformational rearrangements remains poorly understood. By contrast, there is a wealth of structural and kinetic information available on the closely related enzyme dihydrofolate reductase, which is known to have a similar catalytic mechanism to POR. Dihydrofolate reductase is able to adopt an 'occluded' and a 'closed' structure, depending on which ligand is bound in the active site, and as a result, the catalytic cycle is controlled by a 'switching' between these two conformations. By analogy, we suggest that a similar cycling between different conformations may be operating in POR.
Introduction
The light-driven enzyme POR (protochlorophyllide oxidoreductase; EC 1.3.1.33) catalyses the reduction of the C-17-C-18 double bond of the D-ring of Pchlide (protochlorophyllide) to produce Chlide (chlorophyllide), which is a key reaction within the chlorophyll biosynthesis pathway and the subsequent assembly of the photosynthetic apparatus ( Figure 1 ) [1] [2] [3] . During the reaction, a hydride is transferred from NADPH to the C-17 position of the Pchlide molecule, whereas a proton is thought to be donated from the protein to the C-18 position [4] . Throughout the last decade, significant advances have been made in our understanding of the catalytic mechanism of POR, illustrating why it is an excellent model system for studying the role of protein dynamics in enzyme catalysis [1] . In the present review, we focus on the role of conformational changes in the catalytic cycle of POR and draw analogies with the structurally well-characterized enzyme DHFR (dihydrofolate reductase), which is homologous with POR.
The catalytic cycle of POR
The fact that POR is activated by light ensures that the ternary enzyme-substrate complex can be formed in the dark, before catalysis, which allows catalysis to be triggered by illumination at low temperatures. This has resulted in a comprehensive understanding of the catalytic cycle as a number of reaction intermediates have been trapped and characterized using a range of spectroscopic techniques [5] [6] [7] [8] [9] [10] . Consequently, the catalytic cycle has been shown to comprise an initial photochemical step [5, 10] , which is followed by a series of 'dark' reactions ( Figure 2 ) [8, 9] . The initial light-driven step involves the formation of a charge-transfer complex by hydride transfer from NADPH to the C-17 position of Pchlide [10] . This then facilitates the protonation of the C-18 position of Pchlide from the protein during the first of the 'dark' reactions [10] .
Furthermore, a series of recent studies, aimed at resolving the remaining 'dark' steps in the reaction, have shown that these latter catalytic events represent a series of ordered product release and coenzyme binding processes ( Figure 2 ) [8, 9] . Thus, after rapid formation of the ternary enzymeproduct complex, NADP + is first released from the enzyme and is then replaced by NADPH coenzyme. This is followed by the release of Chlide product and subsequent binding of Pchlide substrate to complete the catalytic cycle [9] . Laser photoexcitation experiments have recently been used to follow the interconversion of these various bound/unbound Chlide product species on the millisecond to second timescales, which has provided a detailed thermodynamic and kinetic description of these latter steps in the catalytic cycle [11] . In addition, previous cryogenic measurements have also revealed that these stages of the reaction can only proceed above the 'glass transition' temperature of proteins, which implies a role for conformational changes in the protein [8, 9] . This is also in agreement with our recent kinetic studies, which suggested that conformational changes and/or The addition of hydrogen across the C-17-C-18 double bond of Pchlide to form Chlide is catalysed by the light-driven enzyme POR and is a key regulatory step within the chlorophyll biosynthetic pathway. The enzyme requires NADPH as a cofactor and the boxed area indicates the double bond that is reduced during the reaction.
Figure 2 The catalytic cycle of POR
An overall scheme for the catalytic cycle of POR, showing the stepwise formation of the reaction intermediates together with the rate constants that have been calculated previously [11] .
reorganization of the protein were required to facilitate the release of the products and substrate rebinding [11] .
In addition to our analyses of the latter stages of the catalytic cycle, we have recently measured the kinetics and thermodynamics for the binding of both substrates by using a range of spectroscopic techniques in conjunction with stopped-flow methods [12] . These studies revealed that the binding processes for each substrate are complex and are the rate-limiting step in the overall reaction cycle. Moreover, the formation of the active ternary enzyme-substrate complex involves multiple steps, which are controlled by slow conformational changes in the protein, as shown by changes in the amide I and amide II regions of the FTIR (Fouriertransform infrared) protein spectrum [12] . Therefore, in terms of the catalytic cycle of POR, it is likely that the binding of NADPH to the catalytically relevant POR-Chlide complex and the binding of Pchlide to the POR-NADPH complex are both accompanied by a series of structural changes in the enzyme (Figure 2 ). These conformational rearrangements are likely to represent a reversal of the structural changes that are proposed to occur during the product release steps later in the catalytic cycle [8, 9, 11] .
POR is a member of the SDR (short-chain dehydrogenase/reductase) protein family POR has previously been shown to be a member of the large superfamily of enzymes, termed the SDR, which are all single domain NAD(P) + -or NAD(P)H-binding oxidoreductases and generally occur as dimers or tetramers [13, 14] . A number of SDR enzymes, such as carbonyl reductase, alcohol dehydrogenase and DHFR, have been used as important model systems for studying the role of protein dynamics in enzyme catalysis [15, 16] , which is currently a hotly debated subject in the field. Although there is currently no crystal structure available for POR, the structures of several members of the SDR family have been used to derive a homology model of POR from Synechocystis [17] . Moreover, a common mechanism for this group of enzymes has been proposed, which involves proton transfer from a conserved tyrosine residue and the presence of a nearby lysine residue to allow the deprotonation step to occur by lowering the apparent pK a of the phenolic group of the tyrosine [4, 13, 14] . Consequently, it may be possible to gain further insights into the POR-catalysed reaction by making comparisons with other members of the SDR family of enzymes. Perhaps, the most characterized SDR enzyme is DHFR, particularly the Escherichia coli enzyme, which is an excellent model system for understanding the role of protein dynamics in enzymatic catalysis. DHFR uses NADPH to reduce DHF and has been studied using numerous experimental and theoretical approaches, including X-ray crystallography, fluorescence, NMR, molecular dynamics simulations and hybrid quantum/classical dynamics methods [18] .
The catalytic cycle of DHFR and the role of conformational changes
The kinetics of DHF reduction by DHFR have previously been studied in detail, which has resulted in the wellestablished catalytic scheme shown in Figure 3 [19] . Significantly, the catalytic cycle is homologous with that of POR and, after hydride transfer, involves the release of NADP + and subsequent rebinding of NADPH before the release of the THF (tetrahydrofolate) product. Hence, this would appear to be a common mechanism to all members of the SDR superfamily, with a similar order of substrate binding and product release events.
However, because of the large amount of structural and mechanistic data that is available for DHFR, there is a comprehensive understanding about the role of protein dynamics and conformational changes during the catalytic cycle of this enzyme [18] . Crystal structures have been determined for all of the kinetic intermediates (or models of the intermediates) of DHFR and have revealed that the enzyme comprises an eight-stranded β-sheet that is flanked by four α-helices and several flexible loops [20] . In addition, there are three major enzyme conformations that have been identified in the crystalline state [21] , although only the 'closed' and 'occluded' conformations have been observed in solution studies by NMR [22] . These closed and occluded conformations differ in the structure of the active site Met-20 loop, which acts as a 'lid' that is able to close over the enzyme active site, depending on the nature of the bound ligands. In the closed conformation, the Met-20 loop packs tightly against the nicotinamide-ribose and seals the active site. Conversely, in the occluded conformation, residues in the Met-20 loop protrude into the binding pocket, which prevents binding of the nicotinamide moiety of the coenzyme and therefore the nicotinamide ring is outside the enzyme active site [21] .
Consequently, this has allowed a structural scheme to be proposed for the conformational changes that occur during the catalytic cycle (Figure 3 ) [21, 23] . The chemistry can only occur in the closed structure and, hence, the Met-20 loop adopts this conformation in the E-NADPH complex and in the Michaelis complex (E-DHF-NADPH), with the nicotinamide ring positioned in the active site [23] . Then, after the hydride transfer step, the nicotinamide ring is excluded from the binding pocket owing to steric hindrance with the pterin ring of the THF product, and the product ternary complex, E-THF-NADP + , assumes the occluded structure. The occluded conformation is also observed in the other product complexes of the catalytic cycle, E-THF and E-THF-NADPH [23] . Therefore the catalytic mechanism of DHFR is controlled by a cycling between the closed and occluded conformations of the enzyme and mutations that disrupt either conformation have been shown to lead to a decrease in the rate of hydride transfer and/or steady-state catalytic turnover [24] [25] [26] [27] [28] .
Conclusions
Because of the similarities in the catalytic cycle of POR and DHFR and because both enzymes belong to the same SDR family, it is tempting to speculate that a similar series of conformational changes are required during the reaction pathway of POR. Our recent cryogenic and kinetic studies have already confirmed that protein motions and/or reorganization of the enzyme play an important role in both substrate binding [12] and product release processes [8, 9, 11] . Therefore it is likely that POR can also adopt similar closed and occluded structures, depending on which ligand is bound, and that this conformational 'switching' is critical for the control of the catalytic cycle. However, in order to confirm whether such a model of conformational change is necessary for POR, it is now imperative that the structure of the enzyme is solved by using either crystallography or NMR methods. Only then will it be possible to study the structures of the intermediate states that are formed during catalysis and identify the regions of the protein and the residues that play a dynamic role in the catalytic mechanism.
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